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EVALUATION  OF  BORON-EPOXY-REINFORCED  TITANIUM 
TUBULAR  TRUSS  FOR  APPLICATION  TO  A  SPACE 
SHUTTLE  BOOSTER  THRUST  STRUCTURE 

By  Nicholas  Corvelli*  and  Robert  Carri* 

Langley  Research  Center 

SUMMARY 

Results  of  a  study  to  demonstrate  the  applicability  of  boron-epoxy-composite- 
reinforced  titanium  tubular  members  to  a  space  shuttle  booster  thrust  structure  are  pre¬ 
sented  and  discussed.  The  experimental  results  include  local  buckling  of  all-composite 
and  composite-reinforced-metal  cylinders  with  low  values  of  diameter-thickness  ratio, 
static  tests  on  composite -to -metal  bonded  step  joints,  and  a  test  to  failure  of  a  boron- 
epoxy-reinforced  titanium  demonstration  truss.  The  demonstration  truss  failed  at 
118  percent  of  design  ultimate  load.  Test  results  and  analysis  for  all  specimens  and  the 
truss  are  compared.  Comparing  an  all-titanium  design  and  a  boron-epoxy-reinforced- 
titanium  (75  percent  B-E  and  25  percent  Ti)  design  for  application  to  the  space  shuttle 
booster  thrust  structure  indicates  that  the  latter  would  weigh  approximately  24  percent 
less.  Experimental  data  on  the  local  buckling  strength  of  cylinders  with  a  diameter- 
thickness  ratio  of  approximately  50  are  needed  to  insure  that  undue  conservatism  is  not 
used  in  future  designs. 


INTRODUCTION 

The  demand  for  increased  structural  efficiency  in  aerospace  vehicles  can  be  met 
by  the  use  of  relatively  expensive,  advanced  composite  materials.  At  the  same  time,  the 
rising  cost  of  aerospace  vehicles  dictates  that  composite  materials  be  utilized  in  the  most 
effective  manner.  One  approach  which  appears  to  offer  the  potential  of  meeting  this  goal 
is  a  composite-reinforced-metal  concept  reported  in  reference  1.  In  reference  1,  it  was 
shown  that  the  structural  efficiency  of  a  metal  tube  loaded  in  axial  compression  can  be 
increased  substantially  by  bonding  composite  material  to  the  exterior  surface  of  the  tube. 
The  weight  savings  obtainable  through  increased  structural  efficiency  and  the  unit  costs 
of  that  weight  savings  are  dependent  upon  the  amount  of  composite  material  used.  In  the 

Langley-Industry  Research  Associate,  now  at  Grumman  Aerospace  Corporation, 
Bethpage,  N.Y. 


design,  the  percentage  of  composite  reinforcement  utilized  would  depend  upon  the  accept¬ 
able  unit  cost  of  any  weight  savings  for  the  particular  vehicle  application.  In  the  study 
reported  herein,  a  segment  of  a  1/3-scale  thrust  structure  which  included  two  boron- 
epoxy-reinforced  titanium  tubular  members  and  a  lightweight  titanium  joint  cluster  was 
designed  and  tested.  The  results  were  extrapolated  to  predict  the  weight  savings  of  a 
boron-epoxy-reinforced  titanium  truss  compared  with  that  of  an  all-titanium  design. 

The  research  effort  was  performed  by  Grumman  Aerospace  Corporation  engineers 
assigned  to  the  Langley  Research  Center  under  the  Langley -Grumman  Research  Associate 
Program.  Overall  program  guidance,  hardware  manufacture,  and  test  support  were  pro¬ 
vided  by  Langley  Research  Center  personnel. 

SYMBOLS 

The  units  for  the  physical  quantities  defined  in  this  paper  are  given  both  in  the 
International  System  of  Units  (SI)  and  the  U.S.  Customary  Units.  The  measurements  and 
calculations  were  made  in  U.S.  Customary  Units.  Conversion  factors  relating  the  two 
systems  are  given  in  reference  2,  and  those  pertinent  to  the  present  investigation  are 
presented  in  appendix  A. 

A  column  cross-sectional  area,  meters^  (inches2) 

D  mean  diameter  of  tube,  meters  (inches) 

E  Young's  modulus,  newtons/meter^  (pounds  force/inch2) 

Gj^rj,  shear  modulus  in  the  longitudinal-transverse  plane,  newtons/meter2 

(pounds  force/inch^) 

K  factor  defined  by  equation  (C4) 

L  column  length,  meters  (inches) 

M  moment  in  column,  newton- meters  (pound  force-inches) 

Mj^,M2  end  moments  on  column,  newton-meters  (pound  force-inches) 

P  axial  load,  newtons  (pounds  force) 

r  mean  radius  of  tube,  meters  (inches) 
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t  tube  wall  thickness  or  layer  thickness,  meters  (inches) 

0!  filament  orientation  angle,  measured  from  axis  of  tube,  radians  (degrees) 

jS  stress  ratio  defined  by  equation  (C8) 

y  theory- experiment  correlation  factor  (see  eq.  (C3)) 

"^LT’^^TL  Poisson's  ratio  and  minor  Poisson's  ratio,  respectively 

a  axial  stress,  P/A,  newtons/meter 2  (pounds  force/inch2) 

Op  critical  column  buckling  stress,  newtons/meter2  (pounds  force/inch2) 

CTcoi  optimum  column  stress,  newtons/meter2  (pounds  force/inch2) 

CTgj.  critical  local  buckling  stress,  newtons/meter2  (pounds  force/inch2) 

Og  Euler  buckling  stress,  newtons/meter2  (pounds  force/inch2) 

(p  factor  defined  by  equation  (C5) 

Subscripts: 

cal  calculated 

exp  experimental 

L  longitudinal  direction  of  laminate  or  lamina 

max  maximum 

T  transverse  direction  of  laminate  or  lamina 

SPACE  SHUTTLE  BOOSTER  THRUST  STRUCTURE 

A  model  of  the  space  shuttle  booster  thrust  structure  selected  for  use  in  this  study 
and  the  location  of  the  structure  in  the  launch  vehicle  are  illustrated  in  figure  1.  The 
truss  configuration  had  been  chosen  by  the  Marshall  Space  Flight  Center  for  use  in  an 
earlier  cost-weight  study.  The  truss  is  built  up  from  a  series  of  planar  sections  and  is 
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approximately  11m  (36  ft)  in  diameter  and  3  m  (10  ft)  deep.  Loads  from  the  mne 
engines  are  applied  at  the  intersections  at  the  bottom  of  the  truss  and  transmitted  through 
the  members  to  the  eight  fuselage  reaction  points  located  around  the  circumference  at  the 
top  of  the  structure.  Two  truss  members  and  a  connecting  joint,  labeled  "Demonstration 
Truss  Components"  in  figure  1,  were  selected  for  detailed  design  and  analysis.  In  order 
to  limit  cost  and  facilitate  fabrication  and  test,  it  was  decided  that  the  demonstration 
truss  would  be  a  1/3-scale  model. 

The  structural  efficiency  of  a  truss  such  as  that  shown  in  figure  1  is  strongly 
dependent  upon  the  designs  of  the  joint  clusters.  Two  types  of  connectors,  tubular  inter¬ 
section  and  lug,  were  considered  for  the  present  study.  The  tubular-intersection  con¬ 
nector  provides  a  rigid  end  connection  that  is  capable  of  reacting  moments.  However, 
final  assembly  of  a  three-dimensional  truss  with  this  type  of  connector  for  each  member 
could  be  difficult  to  accomplish  since  all  members  would  have  to  be  slipped  over  the  con¬ 
nectors.  Alternatively,  a  lug  design  offers  the  more  promise  for  a  machined  part  fitting 
and  for  facilitating  assembly.  A  joint  cluster  utilizing  this  type  of  connector  could  not, 
however,  have  all  load  lines  intersecting  at  a  common  point  since  it  would  be  unstable 
for  an  applied  moment  to  the  fitting.  A  combination  of  the  two  joining  concepts,  shown  in 
figure  2,  appears  to  offer  the  most  potential  for  fabrication  and  assembly  of  the  full-size 
three-dimensional  truss.  Accordingly,  the  joint  cluster  for  the  demonstration  truss  was 
designed  with  a  lug  fitting  for  the  tension  member  and  a  tubular  connection  to  the  com- 
pression  member. 

A  1/3-scale  model  of  the  vertical  planar  truss  which  contains  the  demonstration 
truss  components  is  shown  in  figure  3,  together  with  the  primary  internal  load  distribu¬ 
tions  for  the  engines  in  the  symmetric  and  gimbaled  configurations.  To  account  for  scal¬ 
ing,  the  loads  given  in  figure  3  are  1/3  those  for  the  full-scale  truss. 

DESIGN  AND  ANALYSIS 

The  basic  tubular  members  of  the  demonstration  truss  were  designed  for  ultimate 
load,  defined  as  1.5  times  limit  load,  with  a  zero  or  slightly  positive  margin. of  safety. 

The  tubular  members  were  designed  with  approximately  75  percent  boron-epoxy  and 
25  percent  titanium  by  volume.  Selection  of  this  volume  ratio  was  based  on  the  cost- 
weight  analysis  presented  in  appendix  B,  which  indicates  that  a  further  increase  in  vol¬ 
ume  of  composite  would  result  in  a  minimal  additional  weight  reduction.  In  addition,  it 
was  anticipated  that  this  high  ratio  of  composite  to  metal  would  exhibit  the  potential  prob¬ 
lem  areas  associated  with  this  design  concept.  Fittings  and  joints,  both  bolted  and  bonded, 
were  designed  for  a  margin  of  safety  of  15  percent  at  ultimate  load.  No  yielding  was  per¬ 
mitted  at  1.15  times  limit  load.  Material  allowables  for  the  boron-epoxy  and  titanium 
alloys  are  included  in  tables  I  and  II,  respectively. 
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The  geometrical  parameters  of  the  tubular  compression  member  were  obtained 
from  the  optimization  analysis  discussed  in  appendix  C.  The  member  was  analyzed  as  a 
beam  column  with  applied  axial  load  and  end  moments.  The  geometric  proportions  of  the 
compression  member  were  optimized  such  that  the  resulting  minimum-weight  tube  was 
critical  in  local  buckling.  The  cylinder  wall  was  assumed  to  be  composed  of  a  homoge¬ 
neous  orthotropic  material  for  the  local  buckling  analysis  (ref.  3).  After  transforming 
the  homogeneous  design  into  one  with  discrete  layers,  the  margin  of  safety  was  deter¬ 
mined  by  using  the  local  buckling  analysis  of  reference  4  which  includes  the  effects  of 
the  inhomogeneity  of  the  orthotropic  laminated  tube  wall.  In  cases  where  the  analysis  of 
reference  4  showed  a  negative  margin  of  safety,  arbitrary  modifications  were  made  to 
satisfy  strength  criteria.  For  both  calculations,  a  correlation  factor  was  included  as  a 
reduction  of  the  theoretical  buckling  stress.  Due  to  the  high  stiffness  and  strength  of  the 
boron-epoxy  composite,  optimized  compression  tubes  have  a  configuration  with  low  val¬ 
ues  of  the  diameter-thickness  ratio  D/t.  For  this  study  the  ratio  was  approximately  50. 
This  range  is  not  of  practical  interest  for  metallic  tube  design  and,  as  a  result,  cylinder 
buckling  test  data  in  this  range  are  deficient.  In  reference  5,  a  curve  of  the  correlation 
factor  as  a  function  of  r/t  extrapolated  into  the  region  of  interest  indicates  a  correla¬ 
tion  factor  of  0.79.  Due  to  the  scarcity  of  available  test  data  in  the  region  of  interest  for 
this  application,  a  value  for  the  correlation  factor  was  based  upon  the  results  of  cylinder 
tests  performed  in  this  program  and  presented  in  appendix  D.  A  value  of  0.6  was  used. 

Tension  members  were  designed  for  ultimate  strength  based  on  the  allowables  pre¬ 
sented  in  tables  I  and  II.  Failure  of  the  member  was  assumed  to  occur  when  the  allow¬ 
able  stress  of  the  axial  plies  was  obtained. 

The  stepped  bonded  joints  for  the  tension  and  compression  members  were  designed 
by  using  an  analysis  presented  in  reference  6.  This  analysis  neglects  the  tension  stresses 
in  the  adhesive;  however,  it  should  be  adequate  for  symmetric  bonded  joints  where  bending 
is  negligible.  For  the  tubular  members,  although  the  bonded  joints  are  unsymmetric,  the 
adhesive  tension  stresses  are  neglected  and  all  out-of-plane  bending  is  assumed  to  be 
balanced  by  hoop  loads.  In  addition,  the  effect  of  the  adhesive  layers  between  the  metal 
shims  is  neglected.  The  titanium  joint  cluster  was  designed  as  a  lightweight  structural 
component.  The  tubular  connection  was  sized  to  mate  with  the  compression  member  and 
the  lug  was  designed  by  using  the  method  described  in  reference  7. 

TEST  SPECIMENS 
Demonstration  Truss 

The  demonstration  truss  shown  in  figure  4  includes  a  104-cm  (41-in.)  compression 
member,  a  64-cm  (25-in.)  tension  member,  and  a  joint  cluster  machined  from  Ti-6A1-4V 
annealed.  To  facilitate  loading,  the  demonstration  truss  was  rotated  so  that  the  resultant 
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applied  load  was  vertical.  The  angle  between  the  compression  and  tension  members  of 
the  demonstration  truss  is  identical  to  that  of  the  model.  Both  the  compression  and  ten¬ 
sion  tubular  members  consist  of  three  sections,  as  follows: 

(1)  A  uniform  section  of  thin- walled  Ti-6A1-4V  annealed  seam-welded  tube  rein¬ 

forced  with  boron-epoxy 

(2)  A  transition  region  which  utilizes  a  stepped- joint  concept  to  transfer  loads  from 

the  composite  to  the  titanium  end  fittings 

(3)  End  fittings  which  are  mechanically  fastened  directly  to  the  joint  cluster  for 

compression  members  or  which  terminate  as  lugs  for  tension  members 

Figure  5  shows  the  internal  load  distribution  used  to  design  the  structure,  including 
the  secondary  loading  induced  by  the  displacement  of  the  structure  under  load.  The  sec¬ 
ondary  loads,  which  include  an  end  moment  of  6380  N-m  (56.5  kip-in.),  serve  to  demon¬ 
strate  the  moment- carrying  capability  of  the  tubular  reinforced  members.  This  capabil¬ 
ity  is  a  design  requirement  of  the  shuttle  structure  for  the  applied-load  cases  with  the 
engines  in  the  gimbaled  position. 

The  compression  member  of  the  demonstration  truss  shown  in  figure  6  consists  of 
16  layers  of  boron-epoxy  (14  longitudinal,  one  at  0.785  rad  (45®),  and  one  at  -0.785  rad) 
on  a  Ti-6A1-4V  annealed  tube  having  a  9.1-cm  (3.6-in.)  o.d.  and  a  0.066-cm  (0,026-in.) 
wall.  Five  additional  plies  of  boron-epoxy  are  contained  in  the  transition  region  to  obtain 
a  15-percent  margin  of  safety.  The  end  fittings  of  the  tube  are  rolled  sheet  stock  chem- 
milled  to  final  dimensions.  Each  of  the  shims  shown  in  figure  6  is  split  at  one  point 
around  the  circumference.  For  assembly,  the  shims  were  expanded  slightly  and  slipped 
into  position  over  the  boron-epoxy  and  film  adhesive.  The  discontinuities  in  the  shims 
were  staggered  around  the  tube. 

The  tension  member  of  the  truss  (fig.  7)  was  fabricated  by  curing  18  layers  of 
boron-epoxy  (16  longitudinal,  one  at  0.785  rad  (45®),  and  one  at  -0.785  rad)  on  a  Ti-6A1-4V 
annealed  tube  having  a  5.1-cm  (2.0-in.)  o.d,  and  an  0.084-cm  (0.033-in.)  wall.  The  tita¬ 
nium  substrate  was  butt-welded  to  machined  end  fittings  prior  to  the  addition  of  the  boron- 
epoxy. 


Subelement  Specimens 

Three  elements  were  designed  for  fabrication  and  test  prior  to  manufacturing  the 
demonstration  truss  in  order  to  verify  experimentally  the  basic  design  and  analysis  of 
the  stepped  joint  transition  region.  The  tension  specimen  is  identical  to  the  tension  mem¬ 
ber  of  the  demonstration  truss  shown  in  figure  7.  The  compression  subelement  shown  in 
figure  8  was  selected  to  demonstrate  the  joint  concept  for  the  all-composite  design  dis¬ 
cussed  in  appendix  B.  The  compression  subelement  shown  in  figure  9  was  selected  to 
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verify  the  joint  concept  for  the  75  percent  boron-epoxy,  25  percent  titanium  member  of 
the  demonstration  truss.  The  stepped  shim  joints  for  the  all-composite  tube  were  fabri¬ 
cated  from  Ti-6Al-6V-2Sn  annealed.  This  higher  strength  alloy  was  used  instead  of 
Ti-6A1-4V  annealed  because  no  welding  was  required  for  this  design. 

Three  precautions  were  taken  against  bearing  failure  of  the  boron- epoxy  at  the  end 
of  the  compression  specimens,  as  shown  in  figures  8  and  9.  First,  three  longitudinal 
plies  of  boron-epoxy  were  added  to  the  end  of  the  specimens  to  reduce  the  bearing  stress. 
Second,  a  0.5-cm-  (0.2-in-)  thick  tapered  tab,  2.5  cm  (1.0  in.)  long,  of  circumferential- 
wrapped  unidirectional  fiber  glass  was  located  at  the  end  of  the  tube.  Finally,  the  inside 
of  the  specimens  was  filled  with  epoxy  potting  compound  to  a  depth  of  1.3  cm  (0.5  in.). 

Load  introduction  at  the  opposite,  all-titanium,  end  of  the  subelement  was  accomplished 
with  two  rows  of  bolts  which  are  similar  to  those  of  the  demonstration  truss.  Photo¬ 
graphs  of  the  two  compression  subelements  are  shown  in  figure  10. 

SPECIMEN  FABRICATION 

The  composite-tube  fabrication  procedures  represent  a  modification  to  a  process 
developed  at  Langley  Research  Center  (ref.  8)  which  utilizes  a  heat- shrinkable  teflon 
sleeve  over  the  composite  and  an  oven  cure.  After  considerable  development  effort,  a 
fabrication  procedure  which  includes  a  bleeder  system  and  autoclave  curing  was  selected 
for  the  manufacture  of  specimens. 

The  boron-epoxy  prepreg  was  laid  up  on  the  titanium  substrate  for  the  composite- 
reinforced  specimens  and  directly  on  a  male  mandrel  for  the  all-composite  specimens. 
Additional  resin  was  added  to  the  inside  of  the  first  ply  to  decrease  the  porosity  and 
improve  the  tack.  This  additional  resin  also  increases  the  strength  of  the  bond  to  the 
titanium  substrate.  Each  ply  was  laid  in  place  with  the  scrim  cloth  down  and  was  manu¬ 
ally  compacted.  The  composite  laminate  was  covered  with  a  thin-weave  nylon  peel  ply 
and  heat- shrinkable  nylon  bleeder  plies,  as  required  for  the  particular  laminate.  This 
entire  package  was  bagged  with  a  heat- shrinkable  teflon  sleeve  and  cured  in  an  autoclave 
by  drawing  a  vacuum  through  the  bleeder  system  and  using  the  manufacturer's  recom¬ 
mended  cure  cycle.  Composite  tubes  thus  processed  exhibited  approximately  a  0.50  fila¬ 
ment  volume  fraction  and  a  uniform  wall  thickness. 

During  manufacturing-process  development  efforts,  it  was  discovered  that  trans¬ 
verse  residual  stresses  could  cause  longitudinal  cracks  to  develop  in  the  composite  mate¬ 
rial  of  the  reinforced  tube  wall.  These  residual  stresses  result  from  the  required  ele¬ 
vated  temperature  cure  of  the  composite  and  the  dissimilarities  of  the  constituent  material 
coefficients  of  thermal  expansion.  Tubes  with  75  percent  composite  by  volume  experi¬ 
enced  critical  residual  stresses.  Subsequently,  composite-reinforced  specimens  were 
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designed  with  a  pair  of  plies  at  0.785  rad  (45®)  on  the  exterior  surface  of  the  composite. 
These  layers  reduced  the  residual  stresses  and  increased  the  circumferential  strength 
of  the  boron- epoxy  laminate. 

The  titanium  substrate  for  the  composite-reinforced  specimens  was  rolled  and 
seam-welded  Ti-6A1-4V  annealed  sheet  stock.  The  welding  process  involved  tungsten 
inert-gas  fusion  welding  without  the  addition  of  filler  rod  material.  The  joint  cluster 
was  machined  from  a  rolled  billet  of  Ti-6A1-4V  annealed  material. 

METHOD  OF  TESTING 

The  subelement  specimens  were  tested  in  a  1340-kN-  (300-kip-)  capacity  hydraulic 
test  machine.  Hardened  steel  disks  were  used  between  the  test  specimen  and  the  machine 
platen  for  load  introduction  directly  into  the  boron-epoxy  composite  in  bearing.  Prior  to 
testing,  the  specimen  was  loaded  to  20  percent  of  its  anticipated  failing  load  and  the  platen 
was  alined  to  obtain  an  equal  strain  readout  from  the  four  gages  placed  around  the  circum¬ 
ference  of  the  specimen.  The  tension  element  was  tested  as  shown  in  figure  11. 

The  demonstration  truss  was  tested  by  using  a  1340-kN-  (300-kip-)  capacity  port¬ 
able  hydraulic  test  machine  as  shown  in  figure  12.  The  truss  was  mounted  on  a  vertical 
rigid  wall  and  loaded  directly  under  the  joint  cluster  with  a  vertical  load  appHed  by  the 
jack.  A  system  of  rollers  was  used  to  permit  horizontal  and  rotational  motion  in  the 
plane  of  the  truss  at  the  load  introduction  point.  The  out-of-plane  deflection  of  the  joint 
cluster  was  restricted  with  tension  cables  (not  shown  in  the  figure)  oriented  perpendicular 
to  the  plane  of  the  truss  and  anchored  to  the  support  wall.  The  demonstration  truss  was 
loaded  to  approximately  50  percent  of  design  ultimate  load  at  a  load  rate  of  134  kN 
(30  kips)  per  minute  and  then  unloaded.  Strain-gage  outputs  were  checked  to  verify  that 
the  desired  internal  load  distribution  had  been  obtained.  The  demonstration  truss  was 
then  loaded  to  failure  at  the  same  load  rate. 

Foil  strain  gages  were  located  on  all  specimens  as  required  to  determine  strain 
distributions  and  to  help  detect  buckling  of  the  compression  specimens.  The  strain-gage 
data  were  recorded  during  test  with  the  use  of  the  Langley  central  digital  data  recording 
facility.  All  specimens  were  loaded  at  a  constant  load  rate  to  failure.  The  load  rate  used 
for  each  particular  specimen  was  that  which  corresponded  to  an  initial  strain  rate  of 
0.001  per  minute.  All  testing  was  conducted  at  room  temperature. 

TEST  RESULTS  AND  DISCUSSION 
Subelement  Specimens 

The  design  ultimate  load,  the  experimental  failure  load,  and  the  specimen  param¬ 
eters  are  presented  in  table  HI  for  all  the  compression  subelements  and  the  tension  ele- 
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ment.  The  all-composite  compression  subelement  failed  at  734  kN  (165  kips)  or  93  per¬ 
cent  of  design  ultimate  load.  The  failure  occurred  in  the  transition  region  and  resulted 
from  the  buckling  of  the  outermost  titanium  shim  at  its  discontinuity.  It  appears  that  an 
overall  increase  in  the  titanium  thickness  of  the  tube  end  or  a  reapportionment  of  the 
internal  shim  thicknesses  to  reduce  the  degree  of  discontinuity  in  the  external  shim  could 
improve  this  situation.  Efforts  along  these  lines  were  not  pursued  in  the  present  study 
because  shim  buckling  was  considered  unlikely  for  the  composite-reinforced  designs 
which  are  of  primary  interest.  Because  of  its  lower  compressive  yield  stress,  the  tita¬ 
nium  alloy  used  in  the  composite-reinforced  designs  is  not  stressed  to  the  level  at  which 
this  shim  buckled. 

The  first  composite -reinforced  compression  subelement  failed  at  687  kN  (155  kips) 
or  87  percent  of  design  ultimate  load.  This  failure  occurred  at  the  end  of  the  specimen 
by  brooming  of  the  fibers.  This  test  was  repeated  with  a  new  specimen  and  it  failed  at 
653  kN  (147  kips).  The  onset  of  buckling  of  the  titanium  substrate  occurred  at  a  load  of 
490  kN  (110  kips).  An  inadequate  bond  between  the  boron-epoxy  and  the  titanium  resulted 
in  the  premature  failure.  Investigation  revealed  that  this  specimen  was  fabricated  with¬ 
out  additional  epoxy  resin  under  the  first  ply.  Although  these  specimens  failed  to  meet 
the  ultimate  load  requirement,  analysis  of  the  modes  of  failure  established  sufficient  con¬ 
fidence  in  the  design  and  fabrication  procedures  to  warrant  suspension  of  further  subele¬ 
ment  tests. 

The  tension  element  failed  at  603  kN  (136  kips)  or  113  percent  of  design  ultimate 
load.  The  failure  occurred  at  the  center  section  of  the  member  away  from  the  bonded- 
joint  transition  regions  as  shown  in  figure  13.  This  location  of  failure  was  anticipated 
due  to  the  higher  margins  of  safety  utilized  in  the  transition  regions  and  end-fitting 
designs.  The  failure  occurred  at  a  stress  level  of  1190  MN/m2  (163  ksi)  in  the  tube 
wall. 

Axial  strains  along  the  transition  regions  of  the  compression  and  tensile  speci¬ 
mens  are  compared  with  strains  calculated  by  use  of  the  analysis  of  reference  6  in  fig¬ 
ures  14  and  15,  respectively.  There  is  good  agreement  between  the  calculated  and  exper¬ 
imental  strains  for  all  the  subelement  tests.  This  agreement  shows  that  the  assumption 
of  negligible  bending  in  the  joint  region  is  applicable.  In  addition,  for  the  compression 
specimen  in  which  the  multiple- shim  stepped  joint  was  used,  the  test  results  demonstrate 
that  the  effects  of  the  bondlines  between  the  shims  are  negligible  as  was  assumed  in  the 
analysis. 


Demonstration  Truss 

The  demonstration  truss  failed  at  a  load  of  917  kN  (206  kips),  118  percent  of  design 
ultimate  load.  Failure  occurred  in  the  center  section  of  the  tension  member  as  shown  in 
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figure  16.  A  tension  failure  of  the  composite  material  probably  initiated  the  fracture  and 
debonding  between  the  boron-epoxy  and  the  titanium  substrate.  It  is  unlikely  that  the 
failure  started  in  the  titanium,  because  it  was  stressed  to  less  than  80  percent  of  its  ulti¬ 
mate  stress.  The  failure  continued  through  the  titanium  substrate  at  a  location  near  the 
butt  weld.  This  mode  of  failure  was  similar  to  that  of  the  tension  element  (fig.  13). 

After  testing,  a  visual  inspection  revealed  no  evidence  of  failure  in  the  compression 
member  or  the  joint  cluster.  Strain- gage  data  recorded  during  the  test  indicate  that  the 
compression  member  had  been  loaded  to  113  percent  of  design  ultimate  load. 

Projected  Weight  Saving 

Weight  estimates  for  a  full-size  planar  truss  of  the  configuration  shown  in  figure  3 
are  included  in  table  IV  for  an  all-titanium  design  and  a  boron-epoxy-reinforced-titanium 
design.  Both  the  titanium  and  the  boron- epoxy-reinforced  titanium  tubular  members  were 
designed  by  utilizing  the  procedures  previously  described.  The  composite -reinforced 
members  had  a  basic  section  of  75  percent  boron-epoxy  and  25  percent  titanium  by  vol¬ 
ume,  similar  to  those  of  the  demonstration  truss.  The  weights  of  end  fittings  required  to 
attach  the  composite-reinforced  tubular  members  to  joint  clusters  are  included  in  the 
member  weights  listed  in  table  IV  and  were  estimated  by  scaling  up  the  appropriate 
designs  of  the  demonstration  truss.  End-fitting  weight  was  assumed  to  be  directly  pro¬ 
portional  to  the  member  load  raised  to  the  three-halves  power.  This  scaling  factor  was 
derived  by  noting  that  the  required  cross-sectional  areas  of  the  fasteners  and  end  fittings 
are  directly  proportional  to  the  member  load,  whereas  the  end-fitting  length  required  to 
prevent  shear  out  of  the  fasteners  is  proportional  to  the  square  root  of  the  member  load. 
The  titanium  compression  members  were  uniformly  welded  tubes  with  no  additional  mate¬ 
rial  needed  for  load  introduction  and,  therefore,  included  no  end  fitting.  The  joint  cluster 
weights  were  estimated  by  using  the  basic  design  of  the  test-article  joint  cluster.  These 
weights  were  then  scaled  up  for  load  and  to  account  for  interference  problems  associated 
with  larger  diameter  members.  Fastener  weights  are  included  in  the  joint  cluster 
weights. 

A  weight  saving  of  96.8  kg  (213  Ibm)  was  calculated  for  the  members.  An  addi¬ 
tional  saving  of  18.3  kg  (40  Ibm)  is  shown  for  the  joint  clusters.  This  saving  results 
from  the  composite-reinforced  designs  being  of  a  smaller  diameter  than  the  optimum 
titanium  compression  members  and  therefore  requiring  smaller  connectors.  The  total 
weight  saving  for  the  full-scale  planar  truss  amounts  to  24  percent  of  the  truss  weight. 

It  is  expected  that  a  similar  weight  saving  could  be  achieved  on  the  entire  booster  thrust 
structure. 
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CONCLUSIONS 


An  analytical  and  experimental  study  has  been  conducted  to  demonstrate  the  weight¬ 
saving  potential  of  composite-reinforced  titanium  tubular  members  for  a  space  shuttle 
booster  thrust  structure.  Results  of  the  study  showed  that: 

1.  Development  tests  of  subelements  based  on  preliminary  design  are  essential  to 
insure  satisfactory  performance  of  the  final,  detailed  design. 

2.  The  addition  of  a  pair  of  angle  plies  to  the  outside  of  the  longitudinally  oriented 
boron-epoxy  reinforcement  of  a  titanium  tube  was  found  to  prevent  laminate  cracking 
caused  by  transverse  residual  curing  stresses. 

3.  Addition  of  a  resin  or  adhesive  layer  between  the  boron-epoxy  prepreg  and  the 
titanium  substrate  tube  was  found  to  decrease  joint  porosity  and  increase  bond  strength. 

4.  A  multiple -shim,  multiple-step  joint  concept  provided  a  satisfactorily  designed 
transition  region  for  transferring  loads  from  the  boron-epoxy  composite  to  the  titanium 
end  fittings. 

5.  Additional  experimental  data  on  the  local  buckling  strength  of  cylinders  with 
diameter-thickness  ratios  in  the  range  of  interest  for  highly  loaded,  optimum -design 
composite  cylinders  (D/t  ~  50)  are  needed  for  efficient  design.  The  limited  tests  in  this 
study  failed  prematurely  due  to  improper  end  constraints  with  no  indication  of  local  buck¬ 
ling  at  an  experimental/theoretical  correlation  factor  of  0.58. 

6.  Results  of  the  subelement  and  local  buckling  tests  have  been  applied  to  the  design 
of  a  heavily  loaded,  composite-reinforced  metal  tubular  truss  structure.  Comparative 
designs  indicated  that  the  composite-reinforced  titanium  truss  weighed  24  percent  less 
than  an  equivalent  all-titanium  truss. 

7.  A  demonstration  truss  with  one  compression  member  and  one  tension  member 
of  boron-epoxy-reinforced  titanium  and  an  interconnecting  titanium  joint  cluster  was 
designed,  fabricated,  and  tested.  Failure  occurred  in  the  tension  member  at  118  percent 
of  design  ultimate  load. 

Langley  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Hampton,  Va.,  April  26,  1972. 
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APPENDIX  A 


CONVERSION  OF  U.S.  CUSTOMARY  UNITS  TO  SI  UNITS 

The  International  System  of  Units  (SI)  was  adopted  by  the  Eleventh  General  Con¬ 
ference  on  Weights  and  Measures,  Paris,  October  1960,  in  Resolution  No.  12  (ref.  2). 
Conversion  factors  for  the  units  used  herein  are  given  in  the  following  tables: 


Physical  quantity 

U.S.  Customary 
Unit 

Conversion 

factor 

(*) 

SI  Unit 

Angle 

Bending  moment 
Density 

Force 

Length 

Mass 

Moduli  and  stress 

degrees 

kip-in. 

Ibm/in^ 

kip  =  1000  Ibf 

in. 

Ibm 

ksi  =  kips/in2 

1.745  X  10-2 
1.130  X  102 
2.768  X  104 
4.448  X  10^ 
2.54  X  10-2 
4.536  X  10-1 
6.895  X  10® 

radians  (rad) 

newton-meters  (N-m) 

kilograms  per  cubic  meter  (kg/m3) 

newtons  (N) 

meters  (m) 

kilograms  (kg) 

newtons  per  square  meter  (N/m2) 

^Multiply  value  given  in  U.S.  Customary  Unit  by  conversion  factor  to  obtain  equiv¬ 
alent  value  in  SI  Unit. 


Prefixes  to  indicate  multiple  of  units  are  as  follows: 


Prefix 

Multiple 

centi  (c) 

10-2 

kilo  (k) 

103 

mega  (M) 

10® 

giga  (G) 

10® 

APPENDIX  B 


COST-WEIGHT  COMPARISON  OF  BORON-EPOXY-REINFORCED 
TITANIUM  TUBULAR  COLUMNS 

The  composite-reinforced  tubular  concept  investigated  in  this  study  offers  to  the 
designer  a  variable  weight  saving  which  is  dependent  upon  the  percentage  of  composite 
material  used.  As  the  percentage  of  composite  is  increased,  both  the  weight  saving  and 
the  unit  cost  of  that  weight  saving  are  increased.  The  relation  between  cost  and  weight 
is  shown  in  figure  17  for  a  typical  compression  member  designed  as  a  uniform  boron- 
epoxy-reinforced  titanium  tube.  The  slope  of  the  curve  presented  in  figure  17  shows  the 
incremental  cost  for  each  successive  increment  of  weight  saved.  Note  that  the  applica¬ 
tion  of  a  small  percentage  of  boron-epoxy  reinforcement  is  extremely  efficient  in  terms 
of  weight  saved  per  pound  of  boron-epoxy  used.  At  the  other  extreme,  for  high  percent¬ 
ages  of  reinforcement,  the  last  increments  of  weight  savings  that  are  achievable  are  quite 
costly. 

The  composite-reinforced  columns  represented  in  figure  17  were  designed  with 
boron-epoxy  reinforcement  on  the  outside  of  a  titanium  tubular  substrate.  For  compari¬ 
son  purposes  an  all- composite  column  was  included  in  the  figure.  Manufacturing  costs 
were  determined  on  a  production- cost  basis  by  using  the  costs  shown  in  figure  17. 

Two  families  of  laminate  orientations  for  the  wall  of  the  all-composite  compression 
tube  were  investigated  to  determine  the  lowest  weight  design.  For  each  orientation  the 
optimization  procedure  of  appendix  C  was  used  to  determine  the  critical  stress  corre¬ 
sponding  to  the  minimum-weight  design.  This  stress  is  plotted  in  figure  18.  The  first 
family  of  laminates  investigated  included  longitudinal  plies  and  plies  oriented  at  angles 
of  ±0.785  rad  (±45°)  and  1.57  rad  (90°)  to  the  axis  of  the  tube.  The  results  of  this  inves¬ 
tigation  are  shown  in  figure  18(a).  The  sharp  breaks  in  the  curves  result  from  a  change 
in  the  mode  for  local  buckling.  The  minimum-weight  design  is  shown  to  have  approxi¬ 
mately  60  percent  of  the  plies  longitudinal  and  40  percent  of  the  plies  oriented  at 
±0.785  rad  (±45°)  to  the  axis  of  the  tube.  The  second  family  of  laminates  was  investi¬ 
gated  to  determine  whether  the  design  could  be  improved  by  varying  the  orientations  of 
the  angle  plies.  The  results  are  shown  in  figure  18(b).  The  flatness  of  these  curves  in 
the  area  of  maximum  stress  indicates  that  columns  of  approximately  equal  weight  could 
be  designed  with  different  angle-ply  orientations.  The  laminate  orientation  selected  for 
use  in  the  cost-weight  study  consists  of  60  percent  longitudinal  plies  and  40  percent 
±0.785  rad  (±45°)  plies. 
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APPENDIX  C 


COMPRESSION  TUBE  OPTIMIZATION 


The  problem  of  optimizing  the  configuration  of  a  tubular  member  which  is  subject 
to  axial  load  only  (column)  or  to  axial  load  and  bending  moment  (beam  column)  was  solved 
in  this  study  for  homogeneous  orthotropic  materials.  The  beam  column  configuration  and 
loading  is  shown  in  figure  19.  This  optimization  was  used  to  design  all  compression 
members  (titanium,  boron-epoxy-reinforced  titanium,  and  boron-epoxy). 

The  critical  buckling  stress  for  overall  (column)  instability,  including  the  shear 
deflection  term,  with  both  ends  simply  supported  is 


o 


c 


1  +-?—  Og 

^LT 


where 


and 

in-plane  shear  modulus 
longitudinal  modulus  of  elasticity 
r  mean  radius 

L  tube  length 


The  local  buckling  stress  for  circular  cylindrical  tubes  (refs.  3  and  5)  is 


<^cr  = 


yK4>\j 


Et  e 


L^T 


2r/t 


(Cl) 


(C2) 


(C3) 


where 


K  =  2 


3  1 


^tl*'lt) 


1/2 


(C4) 


14 


APPENDIX  C  -  Continued 


(C5) 


whichever  is  less,  and 


t 


correlation  factor 
transverse  modulus  of  elasticity 
major  Poisson's  ratio 
minor  Poisson's  ratio 
cylinder  wall  thickness 


The  effect  of  the  low  shear  stiffness  of  the  tube  is  included  in  the  factor  (p  which 
is  equal  to  unity  for  the  axisymmetric  buckling  mode  or  has  the  value  obtained  from  equa¬ 
tion  (C5)  for  the  antisymmetric  modes  (ref.  3).  The  empirical  factor  y  is  included  to 
correlate  predicted  values  with  test  results. 

The  maximum  compressive  stress  for  a  pin-ended  column  with  applied  end  moments 
Ml  and  M2  and  axial  load  P  is 


“^max 


=  a  1  + 


^^max\ 
Pr  ) 


(C6) 


where  the  maximum  bending  moment,  from  table  14:3  of  reference  9,  with  the  sign  con¬ 
vention  shown  in  figure  19  is 


M 


max 


M9  -  Ml  cos  j3\  9 

— S - 1 -  +Mi^ 

.  sin  13  / 


1/2 


{C7) 
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APPENDIX  C  -  Continued 


where 


/3  =  7r^ff/< 


a  =  P 

A 


and  A  is  defined  as  the  column  cross-sectional  area. 

By  use  of  the  definition  of  the  nominal  stress  cr,  the  Euler  buckling  stress  can  be 


written 


P  r 
4(7  t 


(CIO) 


Solving  equation  (C3)  for  r/t  and  substituting  into  equation  (CIO)  gives 


'\|^L^T  p 
'cr  1/ 


(Cll) 


and  the  column  buckling  stress  (eq.  (Cl))  can  be  written  as 


2) 


Substituting  equation  (C12)  into  the  definition  for  /3  gives 

^1/2 


jS  =  TT  \  CT 


2)  ■^G. 


(C12) 


(C13) 


Solving  for  the  mean  radius  of  the  tube  with  equation  (C3)  and  the  definition  of  the 
nominal  stress  gives 


(C14) 
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APPENDIX  C  -  Concluded 
Substituting  into  equation  (C6)  gives 


^max  “  \ 


1  + 


4 

TTCTO’cp 

PL 

fELE,j.(p/L2) 

“1 1/2 


-,1/2 


Mo  -  Ml  cos  b\  0 

— - i -  +Mi^ 

s  sin  /3  / 


(Cl  5) 


with  /3  being  given  by  equation  (C13). 

The  minimum-weight  beam  column  is  now  found  by  setting  the  maximum  applied 
stress  ffmax  equal  to  the  local  buckling  stress  0^.^,.  Equation  (Cl 5)  is  now  a  single 
relation  between  cr  and  which  is  used  to  search  for  the  maximum  value  of  a  by 

varying  o’er*  I'll®  range  of  variation  of  which  must  be  searched  is  bounded  by  the 

value  of  <T(.r  associated  with  the  optimum  column  ^Mj  =  M2  =  oj  and  the  compression 
ultimate  stress.  The  local  buckling  stress  for  the  optimum  column  is  found  by 

equating  the  nominal  stress  to  the  local  buckling  stress  and  the  column  buckling  stress 
=  <7cr  =  Therefore,  ^  is  set  equal  to  tt,  and  equation  (CIS)  is  no  longer  appli¬ 
cable.  The  optimum  column  is  found  by  solving  the  following  equation  for 


8^01 


2ct, 


col 


7rELrK<^^p^(p/L2) 


=  1 


LT 


(C16) 


Once  the  maximum  value  of  c  and  the  related  value  of  0^,^^  are  found,  the  geometri¬ 
cal  configuration  of  the  tube  can  be  found  from  equation  (C14)  and  A  =  P/a. 

A  computer  program  using  this  procedure  has  been  written  which  yields  the  con¬ 
figuration  of  the  optimum  tube  and  of  other  tubes  that  are  near  optimum.  These  addi¬ 
tional  configurations  enable  the  designer  to  vary  the  tube  design  parameters  which  affect 
the  weight  of  other  structural  components,  particularly  the  joint  clusters.  In  this  manner 
the  designer  can  achieve  a  near-optimum  structural  configuration. 
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APPENDIX  D 


CYLINDER  BUCKLING  TESTS 

In  order  to  establish  a  correlation  between  theoretical  and  experimental  data  on 
cylinder  buckling  for  a  low  D/t  range,  the  following  cylinder  buckling  test  program  was 
utilized.  Five  basic  tubular  buckling  specimens  were  fabricated  for  axial  compression 
tests.  Geometrical  parameters  and  laminate  orientation  for  each  specimen  are  included 
in  table  V.  All  specimens  were  designed  with  small  L/D  values  (1  to  3.6)  to  insure 
failure  in  the  local  buckling  mode. 

Two  of  the  specimens  fabricated  were  10  cm  (4  in.)  in  length,  one  all-composite  and 
one  composite -reinforced  titanium  which  is  shown  in  figure  20.  Three  additional  33-cm- 
(13 -in-)  long  composite-reinforced  titanium  specimens  were  also  fabricated.  These 
specimens  (fig.  21)  were  designed  with  a  greater  length  in  an  attempt  to  obtain  buckling 
failures  away  from  the  ends  of  the  cylinders  where  the  effects  of  the  supports  and  rota¬ 
tional  restraints  are  most  marked.  The  precautions  taken  against  bearing  failure  of  the 
subelement  specimens  (i.e.,  fiber-glass  tabs,  potting,  and  additional  plies)  were  also 
included  in  the  design  of  all  the  local  buckling  specimens. 

The  local  buckling  specimens  were  tested  in  a  1340-kN-  (300-kip-)  capacity  hydrau¬ 
lic  test  machine  by  using  the  procedure  described  previously.  The  test  setup  is  shown  in 
figure  22. 

Typical  strain-gage  data  are  presented  in  figure  23  for  both  a  10-cm  (4-in.)  and  a 
33-cm  (13-in.)  composite-reinforced  specimen.  The  data  for  the  10-cm  specimen  indi¬ 
cate  that  bending  was  present  in  the  test  section  from  the  onset  of  loading  whereas  the 
data  for  the  33-cm  cylinder  shows  no  evidence  of  bending  in  the  center  of  the  test  section. 
The  failure  of  the  longer  specimens  began  at  the  edge  of  the  fiber-glass  tabs  and  was 
attributed  to  the  presence  of  bending  moments  at  the  tube  ends.  This  bending  is  shown  in 
the  strain-gage  readings  at  the  tab  edge  (fig.  23)  and  the  failure,  as  shown  in  figure  24,  is 
an  end  failure.  The  test  data  for  these  longer  local  buckling  test  specimens  (table  V)  show 
an  average  correlation  factor  of  0.58.  Since  these  failures  occurred  prior  to  buckling  of 
the  test  section,  and  the  strain-gage  data  indicated  that  a  local  buckling  failure  was  not 
imminent,  this  correlation  factor  is  expected  to  be  too  low.  The  value  given  in  refer¬ 
ence  5  for  the  appropriate  value  of  D/t  is  0.79.  The  compression  member  of  the  dem¬ 
onstration  truss  was  designed  with  a  correlation  factor  of  0.6. 
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TABLE  L-  ROOM- TEMPERATURE  DESIGN  ALLOWABLES  AND  MATERIAL 
PROPERTIES  OF  RIGIDITE  5505  BORON-EPOXY 

[Single-ply  propertied 


Longitudinal  tension  strength,  MN/m2  (ksi) .  1230  (178) 

Longitudinal  compression  strength,  MN/m2  (ksi) .  1720  (250) 

Longitudinal  compression  modulus,  GN/m2  (ksi) .  220  (32  000) 

Longitudinal  tension  modulus,  GN/m2  (ksi) .  212  (30  700) 

Transverse  modulus,  GN/m^  (ksi) .  20  (2900) 

Shear  modulus,  GN/m2  (ksi) .  ^  (1200) 

Major  Poisson's  ratio .  0.250 

Minor  Poisson's  ratio .  0.0226 

Density,  Mg/m3  (lbm/in3) .  2.08  (0.075) 

Average  layer  thickness,  cm  (in.) .  0.0132  (0.0052) 


TABLE  n.-  ROOM-TEMPERATURE  DESIGN  ALLOWABLES  AND  MATERIAL 
PROPERTIES  OF  TITANIUM  ALLOYS 


Property 

Sheet  alloy 

Ti-6A1- 

4V  annealed 

CO 

1 

CO 

1 

-2Sn  annealed 

Tension  ultimate,  MN/m2  (ksi) . 

959 

(139) 

1100 

(160) 

Tension  yield,  MN/m2  (ksi)  . 

903 

(131) 

1025 

(149) 

Compression  yield,  MN/m2  (ksi) . 

Compression  proportional  limit,  MN/m2 

951 

(138) 

1110 

(161) 

(ksi)  . . 

827 

(120) 

Bearing  ultimate,  MN/m2  (ksi) . 

1800 

(261) 

2110 

(306) 

Young's  modulus,  GN/m2  (ksi) . 

110 

(16  000) 

110 

(16  000) 

Shear  modulus,  GN/m2  (ksi) . 

43 

(6200) 

39 

(5700) 

Density,  Mg/m3  (lbm/in3) . 

4.44 

(0.16) 

4.54 

(0.164) 
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TABLE  IV.-  PROJECTED  WEIGHTS  AND  WEIGHT  SAVINGS  FOR  FULL-SCALE  PLANAR  TRUSS 


75  percent  boron-epoxy  and  25  percent  titanium. 


L-70-8173.1 

Figure  1.-  Space  shuttle  booster  thrust  structure. 


L-71-6052.1 

Figure  2.-  Model  of  three-dimensional  joint  cluster. 
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1/19  - - — 

- 

B 

rv 

(56.0) 

- - - - - 

101.6  101.6 


284.5 

(112.0) 


One-Third  Scale  Model 


(175.0  kips) 


are  given  in  centimeters  (inches). 
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789.1  kN 


Figure  5.-  Internal  load  distribution. 


shim  no. 


Figure  8.-  Compression  subelement  specimen,  all  composite.  Dimensions  are  given  in  centimeters  (inches) 
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Figure  10.-  Compression  subelement  specimens. 


L-71-6057.1 


Figure  12.-  Demonstration-truss  test  setup. 
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Figure  15.-  Axial  strain  distribution  in  composite-reinforced  tension  element 


Figure  16.-  Failure  of  demonstration  truss. 


TOTAL  TUBE  WEIGHT,  lb 


TOTAL  TUBE  WEIGHT,  kg 

Figure  17.-  Cost-weight  comparison  of  composite-reinforced  tubular  columns. 


p 
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Filament 


Figure  21.-  Local  buckling  specimen,  composite  reinforced.  Dimensions 
are  given  in  centimeters  (inches). 
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Figure  22.-  Compression  test  setup. 


Failure  at  tab  edge 


L-71-6425.1 

Figure  24.-  Failure  of  local  buckling  specimen. 
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